Abstract-A compact packaged fiber amplifier was constructed using a Yb-doped double-cladding fiber, which was V-groove side-pumped by a laser diode operating at 975 nm. Under saturation, the amplifier generated 1 W at 1064 nm. The small-signal gain reached a maximum of 50 dB at 1075 nm and was greater than 40 dB in the range of 1042-1093 nm.
I. INTRODUCTION
Y b-AND Nd-doped double-cladding fiber (DCF) lasers, end pumped with single or multiple diode bars, have generated [1] - [6] high-power emission near 1 m. Such devices, however, are not suitable for applications requiring narrow spectral emission, such as nonlinear frequency conversion and spectroscopy, or those requiring high-speed modulation of the signal, such as free space communications. For these applications, compact and efficient diode-pumped fiber amplifiers seeded with low power narrow-band lasers can be used. The high single pass gain, broad gain spectrum, and energy storage capability allow high-peak power operation while maintaining a narrow emission spectrum; these features constitute important advantages compared to alternative laser sources. Several results with DCF amplifiers operating near 1 m have been reported [7] , [8] .
Recently, a V-groove side-pumping technique for introducing pump light into the inner cladding of DCF was described [9] , [10] . This method leaves the fiber ends free for splicing to other fibers and introduces no loss for the signal in the single-mode core. Its simplicity also allows the construction of low-cost, compact, and practical DCF amplifiers.
Here, we describe a compact Yb-doped DCF amplifier constructed using V-groove side-pumping. Unlike the previous demonstration of this method [10] , which relied on bulk lenses to couple pump light into the fiber, here a microlens is used, allowing compact packaging of the amplifier. With a 2.1-W laser diode pump at 975 nm, the seeded amplifier generated 1.0 W at 1064 nm. A small-signal gain of 50 dB, measured at 1075 nm, is to our knowledge, the highest reported in a 1-m fiber amplifier. A 200-m-wide broad-stripe laser diode (SLI Corp.) was used to pump the fiber. The laser, which had a 0.45 A threshold, and a maximum slope efficiency of approximately 0.88 W/A, generated 2.1 W at a maximum current of 3.0 A. Its approximately 3-nm-wide spectral emission was centered at 975 nm at the maximum current.
The amplifier structure and final package are shown in Fig. 1 . After first bonding the fiber on a 250-m-thick ARcoated glass substrate, a 40-m-deep and 200-m-wide Vgroove was fabricated into the fiber sidewall [10] . A microlens (LIMO GmbH), placed between the laser and the substrate, captured and refocused the pump light onto the V-groove facet. The focused spot size was approximately 50 m in the junction plane and 20 m perpendicular to the junction. The overall coupling efficiency from the laser diode to the inner cladding was measured to be typically 65%-70% using V-grooves fabricated in short pieces of double cladding fiber.
U.S. Government work not protected by U.S. copyright. The amplifier was packaged by first mounting the diode in a 20 30 5 mm copper heatsink, then aligning the microlens and the glass substrate relative to the diode chip, and permanently bonding them to the heatsink. This resulted in a robust diode/lens/V-groove power module, which together with the spool of the DCF, was mounted in a 14 17 1.5 cm metal housing, whose size was dictated by bending loss of the low NA fiber.
Both fiber ends of the amplifier were terminated by FC connectors and angle polished at 8 to eliminate back-reflection of the signal in the core. Since fiber ends constitute relatively high reflectors ( 4%) for cladding modes, the fiber-end-reflection of these modes, in the presence of gain, can cause lasing or high levels of amplified spontaneous emission (ASE) power in the cladding, thereby limiting the maximum achievable for the signal in the core. The gain for cladding modes, although reduced by the core-to-cladding area ratio of 3.9 10 , can be significant (26 dB for 50 dB). In order to eliminate the fiber end reflection for the cladding modes, the inner cladding was completely mode-stripped by removing the polymer coating from a short section of fiber near each fiber end, and imbedding it into index-matched material. Fig. 2 shows the saturated amplifier output as a function of diode current, for an injected seed power of 100 mW at 1064 nm. For maximum power extraction, the amplifier was operated in a counterpropagating pump configuration. At the maximum output power of 1.1 W, the extracted amplifier output power, obtained by subtracting , was approximately 1.0 W. The maximum pump power coupled into the inner cladding was estimated to be 1.4 W. The slightly sublinear versus behavior for 2.5 A was attributed to pump laser linewidth broadening, resulting in a decrease in the effective absorption coefficient and absorbed pump power . Using the values of pump coupling efficiency and the diode slope efficiency, a pump power versus output power slope efficiency of 0.8 W/W was estimated. Amplifier saturation characteristics versus were measured at 1064 nm and are shown in Fig. 3 . An input power of 1 mW was sufficient to extract 90% of the amplifier power available with 100 mW. The relatively low-saturation power was due to the very high amplifier gain, which is plotted versus in Fig. 4 for 3.0 A. The 1040-1093 nm measurement wavelength range was limited by the tuning range of a Yb-doped fiber laser used to provide the seed signal. To avoid gain saturation, was sufficiently low, (typically 1 W), so that the ASE level observed on an optical spectrum analyzer remained undisturbed by the seed signal. A maximum of 50 dB occurred at 1075 nm, and remained above 40 dB for almost the entire 53-nm-wide wavelength range. The gain increased exponentially with (and pump power) for currents below approximately 1.5 A, reaching 40 dB at 1.8 A, after which it increased at a slower rate due to saturation by ASE.
The Yb gain spectral profile exhibits combined effects of a three-level transition [11] , [12] , dominating at short wavelengths, and a four-level transition, dominating at long wavelengths. As a result, for a given pump level, the optimum amplifier length required to maximize was a strong function of operating wavelength. To determine the versus dependence, we V-groove pumped one end of a long fiber and injected a seed signal into the same end. Instead of using the cutback method, the effective amplifier length was controlled by tightly looping a few centimeters of fiber around a small mandrel, at a specific distance from the seeded end of the fiber. This induced the amplified signal light in the lowcore to radiate into the surrounding highcladding and be guided without significant loss to the output end of the amplifier where its power was measured. By varying the position of the mandrel along the fiber, for different seed wavelengths, this procedure allowed a nondestructive measurement of dependence on and . The results of these measurements are shown in Fig. 5 , where the pump power was approximately 0.7 W. From Fig. 5 , varied from 3.5 m at 1030 nm, to 13 m at 1080 nm, and the maximum was nearly the same at all wavelengths. Another conclusion that can be drawn from Fig. 5 is that the smaller amplifier lengths required to maximize at short wavelengths will result in a smaller absorbed pump power and extracted power. Although increases with , at short wavelengths this rapidly leads to a significant reduction in gain, requiring a much larger to saturate the amplifier. On the other hand, for long wavelength operation above approximately 1050 nm, can be chosen so that large gain and nearly complete pump absorption are simultaneously achieved.
In conclusion, a compact, packaged, Yb-doped DCF amplifier, based on V-groove side-pumping, generated 1 W at 1064 nm and exhibited 50 dB. A nondestructive technique was used to measure the dependence on and . Additional power scaling will be possible with higher power diodes and improvements in pump coupling efficiency.
